Previous meta-analysis of genome-wide association (GWA) studies has identified 180 loci that influence adult height. However, each GWA locus typically comprises a set of contiguous genes, only one of which presumably modulates height. We reasoned that many of the causative genes within these loci influence height because they are expressed in and function in the growth plate, a cartilaginous structure that causes bone elongation and thus determines stature. Therefore, we used expression microarray studies of mouse and rat growth plate, human disease databases and a mouse knockout phenotype database to identify genes within the GWAS loci that are likely required for normal growth plate function. Each of these approaches identified significantly more genes within the GWA height loci than at random genomic locations (P < 0.0001 each), supporting the validity of the approach. The combined analysis strongly implicates 78 genes in growth plate function, including multiple genes that participate in PTHrP-IHH, BMP and CNP signaling, and many genes that have not previously been implicated in the growth plate. Thus, this analysis reveals a large number of novel genes that regulate human growth plate chondrogenesis and thereby contribute to the normal variations in human adult height. The analytic approach developed for this study may be applied to GWA studies for other common polygenic traits and diseases, thus providing a new general strategy to identify causative genes within GWA loci and to translate genetic associations into mechanistic biological insights.
INTRODUCTION
To identify loci associated with adult height, a meta-analysis of genome-wide association (GWA) data was previously performed, which comprises 46 studies and 133 653 individuals (1) . This meta-analysis detected 207 loci. Of these, 180 were further verified in a subsequent analysis (1) . Each locus presumably implies the presence of a nearby gene (or genes) that plays a biological role in human linear growth. However, at almost all loci, there are multiple genes that are sufficiently close to account for the linkage to height, and it is unclear which of these genes actually modulates height and which are innocent neighbors. For a few loci, there is an obvious candidate gene based on previous biological or clinical data, but for most of the loci, there is not.
Height is primarily determined by the elongation of the long bones and vertebrae, a process that occurs at the cartilaginous growth plate. Bone elongation at the growth plate requires orderly spatial differentiation of chondrocytes from the progenitor cells of the resting zone to the transit amplifying cells of the proliferative zone and to the terminally differentiated cells of the hypertrophic zone (2) . In addition, the growth plate undergoes important temporal developmentembryonic formation, followed by a gradual, postnatal, programmed involution and loss of function, which causes the rate of bone growth to decrease and approach zero as the organism approaches its adult size, a process known as growth plate senescence (3) . Some genes influence these growth plate processes indirectly, through circulating factors such as growth hormone (GH) and insulin-like growth factor-1 (IGF1), which regulate the growth plate (4) . However, prior studies in cell culture, animal models and human diseases indicate that a large number of genes are expressed in the growth plate and act locally to influence bone growth and therefore overall body length (5) .
Because growth plate function is the primary determinant of height, we reasoned that many of the causative genes within the height-associated GWA loci are expressed and function in the growth plate. Therefore, to help distinguish causative genes from the many non-causative neighbors in the GWA loci, we searched the loci for genes that are expressed in the growth plate and act there to influence chondrogenesis.
RESULTS
First, we generated a list of 833 genes (GWA list, Supplementary Material, Table S1 ) in close linkage proximity (see Materials and Methods) to the 207 loci defined by the GWA meta-analysis (180 published loci and 27 unpublished loci, Table 1 ) (1). This list presumably comprises genes that are involved locally in growth plate chondrogenesis, genes that indirectly affect growth plate function through systemic mechanisms, e.g. growth-regulating hormones, and many genes that do not influence growth but are simply located in close proximity to causative genes. To help identify those genes that act locally in the growth plate, we first used microarray analysis to detect (i) genes that have higher expression in growth plate cartilage than in other tissues; (ii) genes that are spatially regulated across different zones in the growth plate, suggesting a role in chondrocyte differentiation and/or proliferation; or (iii) genes that are temporally regulated in the growth plate, suggesting a role in growth plate senescence.
Affymetrix Mouse Genome Array 430 2.0 was used to compare expression between the whole growth plate and three different soft tissues (lung, kidney, heart) in 1-weekold male mice (n ¼ 5) (6, 7) . This analysis identified 1754 genes that are more highly expressed (≥2.0-fold) in the growth plate than in all three soft tissues [false discovery rate (FDR) ,1%]. Similarly, spatially or temporally regulated genes in the growth plate were identified by analyzing rat microarray data (Affymetrix Rat Genome Array 230 2.0) previously collected from microdissected growth plate (8) . We found 1564 genes that are spatially regulated across different zones (resting versus proliferative or proliferative versus hypertrophic, ≥2.0-fold, FDR , 5%, 1-week-old male rats, n ¼ 5) and 309 genes that are temporally regulated as growth slows with age (3-week-old versus 12-week-old proliferative zone from male rats, ≥2.0-fold, FDR , 5%, n ¼ 5).
A comparison among these three microarray analyses showed evidence of internal consistency (Fig. 1) . The overlap among the three gene sets was greater than that expected by chance (Pearson's x 2 test, P , 0.0001 for all three pairs of gene sets), indicating that these analyses tend to identify similar genes. We therefore focused our attention on genes that met at least two of these three criteria, in order to decrease the likelihood of spurious associations. Of the 13 254 genes in the genome that are annotated in both the rat and mouse microarray, 427 genes (GP expression set, Supplementary Material, Table S2 ) met at least two of the three expression criteria.
If the expression analysis correctly identified genes that function in the growth plate and if human height variation is caused by polymorphisms in genes that also affect growth plate function, then the GWA gene list should be enriched in GP expression genes. Furthermore, the genes that lie closest to the single-nucleotide polymorphism (SNP) identified by GWA should show the greatest enrichment because these genes are the most likely to account for the association with height. Consistent with these predictions, of the 427 GP expression genes, 38 were found on the GWA list, and 22 of these represented the gene closest to the SNP identified by GWA (Table 2, top panel; Supplementary Material,  Table S3 ). These overlap frequencies indicate strong enrichment of the GP expression genes in the GWA list compared with the whole genome (genome, 3.2%; GWA list, 8.5%; GWA-closest subset, 15.7%), much greater than would be expected by chance (P , 0.0001, Pearson's x 2 test, Table 2 , top panel).
To supplement the expression analysis and identify additional genes from the GWA list that are likely required for growth plate function, we used bioinformatic searches to find genes for which mutations cause a growth plate phenotype in mice. To this end, we first utilized the Mouse Genome Informatics (MGI) database (9) to generate a list of 224 genes that have a skeletal phenotype with underlying growth plate dysfunction in knockout animals (mouse GP phenotype genes, see Materials and Methods and Supplementary Material, Table S4 ). We then asked whether these genes are enriched in the GWA list. We found that of the 224 mouse GP phenotype genes, 38 genes were found in the GWA list, 24 of which were either closest to or actually contained the sequence variation identified by GWA. Thus, the GWA list showed striking enrichment for these mouse GP phenotype genes compared with the whole genome ( Table 2 , middle panel), and the subset of GWA genes that lie closest to the height-associated SNPs showed even greater enrichment (genome, 1.0%; GWA list, 4.6%; GWA closest subset, 11.6%, P , 0.0001).
Similarly, we searched for genes in which mutations cause a growth plate phenotype in humans. Combining data from the Online Mendelian Inheritance in Man (OMIM) database and a list of genes that cause human skeletal dysplasias, recently published by the International Skeletal Dysplasia Society (10), we generated a list of 173 genes (human GP phenotype genes) in which mutations cause abnormal skeletal growth in humans and which are likely due to underlying local growth plate dysfunction (see Materials and Methods and Supplementary Material, Table S5 ). Genes that impair growth through a systemic mechanism (such as GH deficiency) were excluded. Comparing the lists of human GP phenotype genes and GWA genes, we found that 27 of 173 human GP phenotype genes were present in the GWA list (Table 2, bottom panel). This represents a strong enrichment of human GP phenotype genes in loci associated with adult height (27 out of 833 GWA genes, 3.2%) compared with the whole genome (173 out of approximately 23 000 genes in genome, 0.75%). The enrichment is again even stronger in the subset of GWA genes that lie closest to the GWA sequence variant (14 out of 207 GWA closest subset, 6.8%, P , 0.0001). The current algorithm, which focused on the growth plate, identified more genes in these loci with a human growth phenotype than prior OMIM-based analysis (1) .
We further tested whether the GWA list was enriched with growth plate-related genes by permutation. We generated 1000 gene sets, each comprising 207 random loci designed to match the GWA list and then counted the number of GP expression genes, mouse GP phenotype genes and human GP phenotype genes in each set. These 1000 matched gene sets contained a median of 17 GP expression genes (range 4 -30) , far fewer than the observed number of 38 GP expression genes present in the GWA list (P , 0.001: 0 of 1000 matching sets contained 38 or more GP expression genes; Supplementary Material, Table S6 and Fig. S1 ). Similarly, the 1000 permutations contained significantly fewer mouse GP phenotype genes (median ¼ 11) and human GP phenotype genes (median ¼ 7) than did the GWA list (both P , 0.001, Supplementary Material, Table S6 and Fig. S1 ). A similar comparison using percentage overlap, rather than absolute number of overlapping genes, also demonstrated enrichment of GP expression genes, mouse GP phenotype genes and human GP phenotype genes in the GWA list (all P , 0.001).
Together, these three different approaches implicated 78 genes from the GWA meta-analysis as having a growth plate function based on expression patterns, mouse knockout phenotypes or human skeletal diseases (Supplementary Material, Table S7 ). Remarkably, 46 of the 78 genes are located closest to the GWA sequence variant, and in 24 of these cases, the height-associated SNP is located within the growth plate gene itself. This distribution differs significantly from a random allocation ( Fig. 2 , P , 0.0001, x 2 test). A further confirmation of the validity of this approach is that these 78 genes were distributed among the 207 loci nonrandomly. Each locus is likely to contain only one gene that affects linear growth and contributes to height variation, whereas other genes in that locus are likely innocent neighbors. Ideally, therefore each of the 78 genes implicated in growth plate function would reside in a different locus. Of the 78 growth plate genes, 64 of them occupy separate loci, whereas 7 other loci each contain 2 genes. Although not absolute, this tendency toward one growth plate gene per locus differs significantly from a random distribution (P ¼ 0.029, based on simulation with 10 000 sets of 78 genes randomly assigned to the 207 loci, Supplementary Material, Fig. S2 ).
The identification of two genes in each of seven loci may indicate false-positive designations. It is also possible that two neighboring genes, if functionally related or co-regulated in the growth plate, might both be identified by our analysis, irrespective of whether they both contribute to height determination. Conversely, there may well be other genes in the GWA list that affect growth plate function and thus height but were not detected by either expression or bioinformatic functional analysis. For example, RUNX3 and STC2 are both present in the GWA list and, when ablated in vivo, produce a bone growth phenotype (11, 12) . However, they were not identified by our structured search in the MGI database (see Supplementary Material, Table S7 ).
DISCUSSION
Meta-analysis of GWA studies has identified 180 loci that influence adult height. However, in most of these loci, it is not clear which genes are causative. Because height is determined by growth plate chondrogenesis, we used expression microarray studies of mouse and rat growth plate, human disease databases and a mouse knockout phenotype database to identify genes within the GWAS loci that regulate growth plate chondrogenesis and thereby control human height. Previous analysis of the height-associated loci, employing GRAIL textmining algorithm and gene ontology/pathway analyses (1), identifies subsets of genes with known functional interrelationships. The current approach complements this prior method by focusing the search on growth plate chondrogenesis, the biological process responsible for height determination, and by capitalizing on large growth plate expression and functional data sets. As a result, this analysis can identify even solitary genes that have no known relationship to other genes in the loci and do not participate in well-studied molecular pathways. We also increased the scope of the analysis by including 27 height-associated loci that were not included in the prior study. The validity of this approach was supported by multiple statistical analyses. First, each of these approaches identified significantly more genes within the GWA height loci than within random matched gene sets (P , 0.0001 each). Second, of the 78 genes identified by the combined analysis, 46 are located closest to the GWA sequence variant, significantly more than would be expected from a random allocation (P , 0.0001). For 24 of the implicated genes, the heightassociated SNP is located within the growth plate gene itself. Third, the identified genes are distributed non-randomly within the loci, with a statistically significant, though not absolute, tendency toward having one growth plate-related gene per locus.
Our approach was only able to implicate causative genes in approximately one-third of the 207 loci associated with human height by GWAS. Some of the remaining causative genes are likely to act in endocrine organs and thereby indirectly affect growth plate function, for example, GH1, which encodes GH, and GHSR, which encodes the GH secretagogue receptor, both of which are present in the GWA loci. In addition, it is likely that many of the remaining causative genes still act in the growth plate but were not picked up by our analysis. Genes may have escaped our phenotype analysis either because inactivating mutations have not yet been characterized in the mouse or human or because such mutations are lethal in the embryo. Causative genes that act in the growth plate may also have escaped our expression analysis. For example, genes that serve to promote growth in multiple tissues may not show higher expression levels in growth plate than in nonskeletal tissues. The use of rodent growth plate expression data might also have limited the diagnostic approach because of differences in growth plate regulation among different mammals. If human growth plate expression data of similar quality become available in the future, it might improve the analysis of GWA height data. It will also be valuable to reapply our analytic approach as more height-associated genes emerge from larger GWA meta-analyses. The current GWA data explain only 12% of the heritable variation in height (1) . Thus, larger studies may reveal additional loci, although many growth plate-regulating genes may not be detected by GWA because functional variants are not sufficiently common in the human population.
Many of the 78 implicated genes participate in molecular pathways that are known to be important for growth plate chondrogenesis in the mouse. A large number participate in signaling pathways that regulate growth plate chondrocyte proliferation and differentiation, including Indian hedgehog, parathyroid hormone-related peptide, bone morphogenetic protein/transforming growth factor-beta superfamily, C-type Figure 1 . Venn diagram showing the number of genes with expression that is growth plate-specific, spatially regulated in growth plate or temporally regulated in growth plate by microarray. 'Growth plate specific' indicates expression in growth plate ≥2.0-fold greater than kidney, lung and heart in 1-week-old mouse (n ¼ 5, FDR , 1%, Genome Array 430 2.0, Affymetrix). 'Spatially regulated' indicates up-or downregulated from resting to proliferative zone (≥2.0-fold, FDR , 5%) or from proliferative to hypertrophic zone (≥2.0-fold, FDR , 5%) in 1-week-old rat (n ¼ 6, Genome Array 230 2.0, Affymetrix). 'Temporally regulated' indicates expression that is up-or downregulated from 3 weeks to 12 weeks of age in rat proliferative zone (≥2.0-fold, FDR , 5%, n ¼ 6, Rat Genome Array 230 2.0, Affymetrix,). Examples of genes in each overlapping subset are shown in boxes. natriuretic peptide, fibroblast growth factor and IGF signaling (Table 3, Fig. 3 ). Other implicated genes are involved in the formation of growth plate cartilage extracellular matrix, including structural proteins in the cartilage matrix (ACAN, COL11A1), as well as genes that encode enzymes involved in matrix biosynthesis [GFPT2, SERPINH1 (13,14)] and degradation [GALNS, ADAMTS10 (15,16) ]. The analysis also identified multiple genes involved in cell-cycle processes, including DNA synthesis (TOP2A), mitotic spindle formation [CENPW, TACC3 (17,18)], cell-cycle progression (E2F1) and translation of replication-dependent histones [SLBP (19) ]. Altering the functions of these genes might affect cell proliferation not just in growth plate but also in other tissues. As might be expected, these genes were typically found to be expressed at high levels in the proliferative zone and to be subsequently downregulated in the hypertrophic zone, in which chondrocyte replication ceases.
One of the most exciting outcomes of this analysis is that it implicates many genes not previously known to regulate either the mouse or human growth plate. Of the 78 implicated genes, 27 were already known to function in the human growth plate because human mutations affect the growth plate. An additional 23 genes were previously known to be important in the mouse growth plate based on a knockout phenotype and thus the current study suggests that these genes are also important in the human growth plate. However, the most novel insights come from the remaining 28 genes, for which a growth plate-related phenotype has not been described in mice or humans. For example, IGF2BP2 was implicated because it shows higher expression in growth plate cartilage than in other tissues and because its expression is downregulated during growth plate senescence. Similarly, IGF2BP3 was implicated because its expression is upregulated during hypertrophic differentiation and downregulated during growth plate senescence. Neither gene has a known human or mouse phenotype, but targeted ablation of the third member of the gene family, IGF2BP1, causes shortened bones with advanced mineralization (20) . Thus, taken together, the data suggest that this family of proteins plays an important regulatory role in both Observed and expected positional distribution of 78 growth plate-related genes relative to SNP. Seventy-eight genes in the GWA loci were implicated in growth plate function by expression analysis, mouse phenotype or human phenotype. Of these 78, 46 are located closest to the height SNP. In 24 of these cases, the strongly associated height SNP is located within the growth plate gene itself. This distribution differs significantly (P , 0.0001, x 2 test) from a random allocation calculated based on the overall distribution of 833 genes in 207 loci. Thus, the growth plate-related genes tend to lie closer to the SNP identified by GWA than would be expected by chance. the rodent and human growth plates, perhaps through their ability to bind specific mRNAs, including IGF2 (21). Another example of genes not previously known to regulate the growth plate is RSPO3. A recent study indicates that RSPO3 activates WNT5A signaling (22) , which is known to regulate growth plate chondrocyte proliferation and differentiation (23) .
Another important implication of the current analysis is that it identifies strong candidates for the etiology of human growth disorders, including isolated short stature, skeletal dysplasias and short stature that is part of a larger dysmorphic syndrome. Our analysis suggests that, for many of the height-associated genes, common polymorphisms subtly affect gene expression or function in the growth plate and thus influence adult height. Uncommon mutations in these genes that have a greater effect on expression or function would therefore be expected to cause greater disturbances in growth plate chondrogenesis, resulting in short stature or a skeletal dysplasia. Indeed, the height-associated loci were highly enriched with genes that cause skeletal dysplasias when mutated in humans. Hence, we think it is likely that other growth plate-related genes identified by this analysis are also excellent candidates for causing short stature and skeletal dysplasias of unknown etiology.
Because identification of a phenotype-associated SNP by GWA rarely isolates the causative gene, several methods have been developed to provide biological insights and to prioritize genes for further studies (24) , including the use of gene ontology analysis (25) , gene set enrichment analyses (26) and protein -protein interaction mapping (27) . In the current study, we combined the human height GWA data with gene expression profiling of the growth plate to identify genes that play a significant role in longitudinal bone growth and consequently height determination. This idea of combining genome-wide expression with GWA data, to our knowledge, has only been conceptually explored for prostate cancer risk (28), but not Together, IHH and PTHrP form a negative feedback loop that determines the height of the proliferative zone. BMP2 and BMP6, produced by hypertrophic chondrocytes, stimulate proliferation and differentiation of chondrocytes, which is partially antagonized by an inhibitory effect of FGFs, such as FGF18. RUNX2 and RUNX3 are expressed in the hypertrophic zone and stimulate hypertrophic differentiation through one of their downstream targets MEF2C, which is also highly expressed in the hypertrophic zone. RUNX2 also interacts with the IHH-PTHrP feedback loop by inducing IHH expression. +, stimulatory effect; 2, inhibitory effect.
for any common polygenic traits. Therefore, our current findings suggest that this powerful analytic approach can be applied more widely to GWA studies for common polygenic traits and diseases. In summary, GWA meta-analysis provides a powerful tool that has identified many loci that are associated with the normal variation in human height. However, this GWA analysis does not pinpoint a single gene at each locus but instead identifies a set of contiguous genes-only one of which is presumably causative. Reasoning that many of the causative genes would have a local action on growth plate chondrogenesis, we used growth plate expression and functional data to identify 78 genes from these loci that likely play a role in human growth plate biology and thereby affect longitudinal bone growth and adult height. This analysis identified many genes involved in signaling pathways and cellular functions known to be important in the rodent growth plate but also many novel genes that have not previously been implicated in growth plate chondrogenesis. These novel genes suggest new avenues for mechanistic studies to explore the underlying cellular pathways. Thus, this analytic approach provides a new strategy to translate genetic associations into mechanistic biological insights.
MATERIALS AND METHODS

Animals
All animal procedures were approved by the National Institute of Child Health and Human Development Animal Care and Use Committee. C57BL/6 mice were obtained from Charles River (Wilmington, MA, USA) and provided with food and water ad libitum. Animals were sacrificed at 1 week of age and growth plates were dissected from the proximal tibia.
Microarray analysis
Total RNA was extracted from 1-week-old mouse whole growth plate following microdissection, processed and hybridized to Affymetrix microarray as previously described (8) . Each microarray chip (mouse genome 430 2.0 array) was hybridized to labeled RNA derived from one animal (total of five animals used). To identify growth plate-specific genes, we combined this growth plate array data with our previously published array data (6,7) of 1-week-old C57BL/6 mouse (Charles River) kidney, lung and heart. Microarray signals were analyzed using the Affymetrix RMA algorithm. Analysis of variance was performed and FDR reports were generated using the Partek Pro software (Partek, St Charles, MO, USA). Spatially and temporally regulated genes in the growth plate were identified based on data from our previous microarray analyses (GEO number: GSE16981) (8) . The comparison of growth plate expression with that of other tissues was performed in mice to take advantage of the well-annotated microarray databases for the mouse, whereas the spatial and temporal expression analyses were performed in rats because the larger growth plate allows more accurate microdissection of individual zones and the thin growth plates of older animals. The analysis of temporal expression compared rats at 3 weeks of age, during active longitudinal bone growth, with rats at 12 weeks of age, when longitudinal bone growth has slowed markedly (29) .
GWA genes
We generated a list of 833 genes from the 207 heightassociated loci [180 previously published (1)]. Annotation was based on the NCBI Build 36.1 (hg18). Because the causal sequence variant in each locus is not necessarily the lead SNP itself but is likely in strong linkage disequilibrium with the lead SNP, we used a genomic boundary with linkage disequilibrium cut-off r 2 . 0.5 (HapMap CEU) to generate the list of possible causal genes. For SNPs with two or more genes within the genomic boundary, only these genes were included. For SNPs with less than two genes within this region, the genomic boundaries were extended on both sides by a quarter of the original region.
Human GP phenotype genes
We generated a list of 173 genes implicated in abnormal skeletal growth in human that are likely due to underlying local growth plate dysfunction. The list was initially obtained by searching the OMIM database using the keywords 'short stature', 'overgrowth' and 'skeletal dysplasia'. The result was then combined with a list of genes causing skeletal dysplasias published by the International Skeletal Dysplasia Society (10). The combined list was then manually curated without reference to the GWA results, including only genes that cause overgrowth or short stature without a known underlying systemic disorder, such as GH deficiency, or failure of a major organ system. Enrichment of human GP phenotype genes in the GWA list was assessed by Pearson's x 2 test, comparing the number of human GP phenotype genes in the GWA list with the number that would be expected by chance in a random gene list, based on the observed frequency in the whole genome.
Mouse GP phenotype genes
We searched the MGI database (9) and identified 224 genes that have a skeletal phenotype with underlying growth plate dysfunction in knockout mice (mouse GP phenotype genes). The gene list was initially obtained searching for the keywords 'chondrocytes', 'cartilage' or 'growth plate' in the MGI web site 'Genes and Markers Query Form' and was manually curated without reference to GWA results to select genes that alter growth plate chondrogenesis in the long bones and/ or alter the length of long bones. Genes that only have an effect on chondrocytes from craniofacial, ribs, sternum and articular cartilage were discarded. Enrichment of mouse GP phenotype genes in the GWA list was assessed by Pearson's x 2 test, comparing the number of mouse GP phenotype genes in the GWA list with the number that would expected by chance in a random gene list, based on the observed frequency in the whole genome.
Permutation analysis
To test whether the GWA list was enriched with growth plate-related genes, we generated 1000 gene sets, each comprising 207 random loci, selected to match the actual heightassociated SNPs based on gene proximity and presence in HapMap. The same linkage disequilibrium cutoffs in generating the GWA list (see above) was used to determine genes to be included in each set. The number and percentage of GP expression genes, mouse GP phenotype genes and human GP phenotype genes in each set were then counted and compared with the actual overlap in the GWA list to generate an empirical P-value.
Simulation modeling
Seventy-eight genes implicated in growth plate function were distributed among 71 of the 207 height-associated loci, with 7 loci bearing 2 genes. Simulation was used to assess whether this distribution differed significantly from a random allocation. Using a computer algorithm, 78 genes were randomly selected from 833 genes arranged in 207 loci. Each locus contained 1 -56 genes according to the actual distribution in the GWA list (see Supplementary Material, Table S1 ). The number of loci containing more than one selected gene was then counted. This random selection was repeated 10 000 times.
